Background: Re-biopsy is important for exploring resistance mechanisms, especially for non-small cell lung cancer (NSCLC) patients who develop resistance to EGFR-tyrosine kinase inhibitors (TKIs). Liquid biopsy using circulating tumor DNA has come into use for this purpose. This retrospective study investigated the status of re-biopsy and liquid biopsy in NSCLC patients with EGFR mutations and evaluated their effect on clinical strategies and prognosis. Methods: Five hundred fifty-five NSCLC patients with resistance to EGFR-TKIs were included and divided into three groups: re-biopsy, liquid biopsy, and no rebiopsy. Amplification refractory mutation system (ARMS) PCR or super ARMS PCR was used to detect EGFR mutations. Results: Three hundred eight (55.5%) patients underwent re-biopsy; 45.5% (140/308) were positive for T790M. The most common re-biopsy procedure was computed tomography-guided percutaneous core needle biopsy (60.1%), followed by effusion drainage (29.5%) and superficial lymph node biopsy (6.5%). One hundred eighteen (21.3%) patients underwent liquid biopsy; the T790M detection rate was 41.5% (49/118.) Of the 308 patients who underwent re-biopsy, 69 were examined for EGFR mutations with plasma. The concordance rate of T790M detection between tissue and plasma was 66.7%. A statistical difference in further treatment after EGFR-TKI failure was observed among all groups (P = 0.014). Patients in the biopsy groups were more likely to receive third-generation EGFRTKIs. Multivariate analysis showed that re-biopsy had a significant impact on overall survival (P < 0.001). Conclusion: Re-biopsy plays a pivotal role in the management of patients with NSCLC and resistance to EGFR-TKIs. Liquid biopsy may be an alternative if difficulties performing re-biopsy exist.
Introduction
In China, lung cancer is the most frequently diagnosed cancer and the leading cause of cancer-related mortality. 1 The five-year survival rate in patients with lung cancer varies from 3.7-32.9%, depending on stage and regional differences. 2 Non-small cell lung cancer (NSCLC) accounts for 80-85% of lung cancers. 3 Personalized therapeutic strategies have dramatically improved the clinical outcome of patients with advanced NSCLC in recent years. [4] [5] [6] Activating EGFR mutations are the most common therapeutically tractable driver mutation in lung adenocarcinomas with distinct ethnic differences, occurring at higher frequencies in Asian (40-60%) compared to Caucasian populations (7-10%). [7] [8] [9] [10] Many clinical trials have proven that EGFR-tyrosine kinase inhibitors (TKIs) yield a superior response and more acceptable toxicity than traditional chemotherapy in advanced NSCLC patients with EGFR mutations; however patients inevitably develop resistance after achieving 9-13 months of progression-free survival (PFS). [11] [12] [13] [14] Acquired resistance to EGFR-TKIs is mainly attributed to secondary EGFR mutations. [15] [16] [17] EGFR T790M, a specific point mutation in exon 20, is the most common resistance mutation, and accounts for 33-63%. [18] [19] [20] [21] [22] [23] [24] Third-generation EGFR-TKIs (3-TKIs), such as osimertinib, have proven to have promising activity in advanced NSCLC patients with EGFR T790M mutations. [25] [26] [27] Based on these facts, repeat biopsy plays an important role in clinical application for exploring resistance mechanisms and determining further therapeutic strategies. 28, 29 However, obtaining tissue samples from patients for repeat molecular analysis after EGFR-TKI failure remains a challenge. In the present study, we evaluated the current status of re-biopsy and liquid biopsy and their effect on clinical strategies and prognosis in Chinese NSCLC patients with EGFR mutations after EGFR-TKI failure.
Methods Patients
We retrospectively reviewed the medical records of NSCLC patients with EGFR sensitive mutations, including 19dele-tions (19del), L858R, G719X, L861Q, and S768I, treated at the Shanghai Pulmonary Hospital between October 2011 and October 2017. Patients without EGFR mutations, or with EGFR 20 insert, de novo T790M, or known concomitant gene mutations, were excluded. Patients who were lost follow-up before confirmation of progressive disease (PD) from EGFR-TKIs were also excluded. Patients were divided into two groups according to the method of mutation testing: the rebiopsy group included patients who underwent tissue or cytologic sampling, while the liquid biopsy group included patients who underwent mutation testing with circulating tumor DNA (Fig 1) . A control group of patients who did not undergo re-biopsy was also included. If mutation had been tested with tissues and plasma, the tissue results were regarded as standard. Progression-free survival (PFS) was defined as the interval from the initiation of further treatment after EGFR-TKI failure to first confirmed PD according to Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1. Overall survival (OS) was defined as the interval from diagnosis to death from any cause or to 31 December 2018. The primary objective was to evaluate the status of re-biopsy in Chinese patients including frequencies, procedure results, and impact on follow-up treatment strategies. The potential application of plasma-testing methodologies was also assessed. The second objective was to explore whether patients that underwent re-biopsy achieved a better clinical outcome. The need for written informed consent was waived because of the retrospective design of the study. The institutional review board of Shanghai Pulmonary Hospital approved the study.
EGFR mutation analysis
Amplification refractory mutation system (ARMS) PCR was used to detect EGFR mutations. Our hospital adopted the ARMS-PCR method on 1 May 2017, thus mutation analysis of plasma was tested by ARMS-PCR before 1 May 2017 and by super ARMS-PCR thereafter. Tissue or cytologic specimens were frozen within 30 minutes of sampling and stored at −80 C. Frozen samples were thawed at 37 C, refrozen rapidly to disrupt the cells, and divided into equal aliquots before DNA was extracted using standard procedures according to EGFR mutation test kit instructions.
Statistical analysis
Statistical analyses were performed using SPSS version 19.0. Intergroup comparisons were performed using the Mann-Whitney U test for continuous variables, and Pearson's χ2 or Fisher's exact tests for categorical variables. Multivariate analysis was performed to determine the feasibility of re-biopsy using multinomial logistic regression. The Kaplan-Meier method was used to estimate OS and PFS. Univariate differences in survival were assessed using the stratified log-rank method. Hazard ratios (HRs) for PFS and OS and multivariate differences in survival were estimated using a stratified Cox model. P < 0.05 was considered significant. 
Results

Patient characteristics
Baseline individual characteristics were retrospectively reviewed in 555 patients with NSCLC after EGFR-TKI failure ( Table 1 ). The median age was 60 years (range: 53-67), with women comprising 59.3% of the total. Adenocarcinoma (89.4%) was the most common histology. Of the total patients, 292 (52.6%) had 19del, 245 (44.1%) had L858R, 11 (2.0%) had uncommon mutations, and 7 (1.3%) had double sensitive mutations. The EGFR-TKIs used were gefitinib (62.0%), erlotinib (18.6%), icotinib (17.5%), and afatinib (2.0%); 73.9% patients were administered EGFR-TKIs at first-line.
Status of re-biopsy and liquid biopsy
A total of 308 (55.5%) patients underwent re-biopsy procedures, including: 185 (60.1%) computed tomography (CT)-guided percutaneous core needle biopsy (PCNB); 91 (29.5%) effusion drainage (including 81 pleural effusion, 5 pericardial effusion, and 5 peritoneal effusion); 20 (6.5%) superficial lymph node biopsy; and 7 (2.3%) transbronchial needle aspiration (TBNA) or endobronchial ultrasonography (EBUS)-guided TBNA (Fig 2a) . Of the 308 patients, 134 (43.5%) were positive for EGFR T790M, 134 (43.5%) patients only harbored their initial mutation, and 25 (8.1%) patients were wild type (Fig 2b) . A total of 118 (21.3%) patients underwent liquid biopsy: 49 (41.5%) (Fig 2c) . Of the 308 patients who underwent re-biopsy, 69 patients were examined for EGFR mutation using plasma. The specificity of liquid biopsy for T790M detection was 84.4% and the sensitivity was 33.3%. The concordance of T790M detection between tissue and plasma was 66.7%. The prevalence of acquired T790M mutation was statistically different between patients with uncommon and common mutations (19del/L858R: 44.8% vs. 11.1%; P = 0.04), but further studies are required to verify these results, as our samples of patients with uncommon mutations were few. In addition, univariate and multivariate analysis showed that patients in the re-biopsy and liquid biopsy groups exhibited a better previous response to EGFR-TKIs compared to the control (P < 0.05) ( Table 1 ).
Strategies and progression-free survival of further treatment
A total of 414 (74.6%) patients were followed-up after further treatment subsequent to EGFR-TKI failure. Pearson's χ2 test revealed a statistical difference between the three groups (P = 0.014) ( (Table 3) . Re-biopsy and liquid biopsy could impact further treatment strategies, as indicated above. To explore the specific impact, we analyzed PFS after further treatment. Univariate analysis proved that the previous efficacy of EGFRTKIs had a significant impact on PFS (P = 0.001) ( Table 4 , Fig 3a) . However, the difference in PFS among the three groups was not statistically significant (P = 0.123) ( Table 4 , Fig 3b) . Considering that the deviation resulted from patients who were positive for T790M but did not receive 3-TKIs, we introduced a new variable -treatmentbased result (TBR) -and further divided the patients into four groups according to whether T790M was positive and 3-TKIs were administered. Patients in the T790M + 3-TKI + group achieved significantly longer PFS than in other groups (P < 0.001) ( Table 4 , Fig 3c) . Multivariate analysis confirmed that the previous efficacy of EGFR-TKIs and TBR were independent significant factors of PFS after further treatment (Table 4) . CT, computed tomography; EBUS, endobronchial ultrasonography; mut plus T790M, patients harbored a baseline mutation and a T790M mutation when re-tested; PCNB, percutaneous core needle biopsy; SLNB, superficial lymph node biopsy; TBNA, transbronchial needle aspiration; T790M, patients only harbored a T790M mutation and the baseline sensitive mutation disappeared. Other tyrosine kinase inhibitors (TKIs) refers to other first or second-generation EGFR-TKIs; Other includes best supportive treatment, traditional Chinese medicine, crizotinib, etc. 3-TKIs, third-generation TKIs. Other tyrosine kinase inhibitors (TKIs) refers to other first or second-generation EGFR-TKIs; Other includes best supportive treatment, traditional Chinese medicine, crizotinib, etc. 3-TKIs, third-generation TKIs. (Fig 3d) . The OS of patients in the liquid and re-biopsy groups was superior to patients in the no re-biopsy group (32.3 vs. 26.0 vs. 16.5 months, respectively; HR 0.25 for liquid biopsy vs. no re-biopsy, HR 0.47 for re-biopsy vs. no re-biopsy; P < 0.001) (Fig 3e) . Multivariate analysis revealed that previous efficacy to EGFR-TKIs and re-biopsy ) re-biopsy, ( ) liquid biopsy, ( ) no rebiopsy, ( ) re-biopsy-censored, ( ) liquid biopsy-censored and ( ) no rebiopsy-censored. HR, hazard ratio; mOS, median OS; mPFS, median PFS; mut plus T790M, patients harbored a baseline mutation and a T790M mutation when re-tested; PD, progressive disease; PR, partial response; SD, stable disease; T790M, patients only harbored a T790M mutation and the baseline sensitive mutation disappeared.
had a significant impact on OS (Table 5 ). Multivariate analysis showed that patients with good performance status and those administered 2-TKIs achieved longer survival (Table 5) .
Discussion
Re-biopsy has a pivotal role for exploring resistance mechanisms, particularly for patients with resistance to EGFRTKIs. However, re-biopsy is not always feasible for either patients or physicians. Kawamura et al. reported that 120 patients (63%) in their sample had undergone rebiopsy, 30 while Ichihara et al. reported that 55 (53.9%) patients underwent re-biopsy. 21 We analyzed re-biopsy status in 555 patients and the rate (55.5%) was similar to the reported data. CT-guided PCNB (60.1%) was the most common re-biopsy procedure used in our study sample, likely because of its safety and operability. The frequency of T790M mutations detected in patients who underwent re-biopsy was 45.5% in the clinical setting at our institution, which is also consistent with previous studies (range: 33-63%). [18] [19] [20] [21] [22] [23] [24] The remaining patients did not undergo rebiopsy because of inaccessible tumors (n = 27), deterioration in performance status (n = 21), patient refusal (n = 124), or unknown reasons (n = 75).
Liquid biopsy has shown promising advantages of noninvasiveness and accessibility. Some studies have suggested that a plasma-based test is a useful method for noninvasive assessment and monitoring of T790M resistance mutations. [31] [32] [33] Our results indicate that detection of T790M in plasma using the super ARMS-PCR method exhibits low sensitivity (33.3%) but high specificity (84.4%), with a satisfactory T790M detection rate (41.5%). The low sensitivity was attributed to the fact that 83 (70.3%) patients were tested by ARMS-PCR. Moreover, these results suggest that re-biopsy and liquid biopsy could provide guidance for further treatment strategies. As expected, patients who harbor T790M are more inclined to receive 3-TKIs.
As the development of new agents has improved the overall survival duration of patients with malignant tumors, management of cancer patients throughout the entire course of disease has become a focus. As an essential part of the process, whether re-biopsy could improve the clinical outcomes of patients with cancer remains to be determined. To the best of our knowledge, our study is the first and the largest to report the relationship between re-biopsy and survival, including PFS of further treatment and OS in patients with NSCLC after EGFR-TKI failure. As mentioned above, the previous efficacy of EGFR-TKIs is an independent significant factor affecting not only PFS of further treatment but also OS. This may be because tumors with primary resistance to EGFR-TKIs are genetically complex, with high heterogeneity and drug resistance. 34, 35 What is interesting is that our data suggest that re-biopsy has a significant impact on OS but not on PFS of further treatment, while TBR was a significant factor for PFS of further treatment but not for OS. The lack of a significant difference in PFS after further treatment among the three initial groups was attributed to the low proportion of patients positive for T790M that were administered 3-TKIs in the re-biopsy (23.1%) and liquid biopsy (26.7%) groups, but the very value of re-biopsy is to determine the resistance mechanism, on which basis physicians can choose the appropriate therapy, thus the TBR variable was applied. However, any type of treatment a patient is administered can affect OS, which is why re-biopsy is important. Not all of the patients identified with T790M were administered 3-TKIs as further treatment after EGFR-TKI failure, but they were more likely to receive subsequent treatment. Thus, patients who underwent rebiopsy were administered more appropriate subsequent therapies and achieved longer OS.
This study is limited by its retrospective nature and that our cohort was from a single institution. We used ARMs and super ARMS to test EGFR mutation in tissues and plasma, which has limited sensitivity. Although we used a large sample overall, the sample sizes of some of the subgroups were small. Our results require further verification in prospective studies.
In conclusion, re-biopsy plays a pivotal role in the management of patients with NSCLC and resistance to EGFRTKIs and improves the clinical outcome to some extent. Liquid biopsy may be an alternative if difficulties performing re-biopsy exist.
